Introduction
============

Hypertension is an important modifiable risk factor for stroke and cardiovascular disease, and is a major risk factor for mortality globally.[@ref1] [@ref2] In China,[@ref3] nearly half of adults aged 35-75 years have hypertension[@ref4] and 24% of deaths have been attributed to the condition,[@ref1] which has resulted in major health and economic burdens at the community and national levels.[@ref5] Hypertension is easy and inexpensive to diagnose and mortality risk can be substantially reduced through effective low cost off-patent drugs,[@ref6] [@ref7] [@ref8] but China still has large gaps in care for people with the condition. Recent evidence has shown that only 45% of Chinese adults with hypertension were aware of their condition, only 30% were taking antihypertensive drugs, and just 7% had achieved normal blood pressure levels.[@ref4] Therefore, reducing blood pressure in adults with hypertension in China has the potential to improve population health.

Awareness of hypertension is a crucial first step for people to seek care and achieve long lasting blood pressure control through lifestyle changes. The finding that more than half of adults with hypertension in China are unaware of their condition[@ref4] has led to calls for major investments in hypertension screening at healthcare facilities and in the community, such as through community health worker programmes.[@ref9] [@ref10] However, an important question is whether community based screening will be effective at improving hypertension at the population level. Screening might not lead to blood pressure improvements if people do not take action after a measurement indicates that they have hypertension.For example, people screened in the community might not act on advice to seek treatment for hypertension at a healthcare facility or to change their diet or exercise habits. Even if people start treatment, they might not adhere to it or routinely seek recommended follow-up care. Therefore, it is important to understand whether and to what extent community based screening causally affects adults' subsequent blood pressure levels and thus their risk of serious illness such as stroke and cardiovascular disease, and ultimately death.

This study uses a quasi-experimental approach, a non-parametric regression discontinuity design, to estimate the causal impact of community based hypertension screening on blood pressure two years after the initial screening. The design allows causal impact to be estimated in the absence of explicit randomisation. Continuous systolic and diastolic blood pressure measurements are subject to random variability caused by measurement error. This random variability implies that people with a blood pressure measurement just above the standard threshold for hypertension have similar baseline covariates to people with a measurement just below the threshold, just like people in the intervention and control arms of a randomised controlled trial. Therefore, if we compare outcomes in the groups with blood pressure just above and just below the threshold, we can estimate the causal impact of the recommendations made after a screening diagnosis of hypertension, which include to seek care and to make lifestyle changes. We estimated the impact of blood pressure screening on blood pressure after two years, as well as on factors that lie on the pathway from a screening diagnosis of hypertension to future blood pressure levels. We also investigated how the impact of blood pressure screening varies across population subgroups.

Methods
=======

Data source and sampling design
-------------------------------

We analysed data from the Chinese Longitudinal Healthy Longevity Survey.[@ref11] This national cohort focuses on older people and is the largest cohort of centenarians in the world. The cohort data are high quality and contain individual level information on demographic and socioeconomic characteristics, health indicators, and social and behavioural risk factors. The baseline wave was conducted in 1998, with follow-up waves conducted in 2000, 2002, 2005, 2008-09, 2011-12, and 2014. The sampling for this cohort followed a multistage approach. In the first stage, a random sample was drawn of half the total number of counties and cities in 22 provinces. These cities and counties collectively represent 85% of the total Chinese population. The sample included people from nine eastern provinces (Hebei, Beijing, Tianjing, Shanghai, Jiangsu, Zhejiang, Fujian, Shangdong, and Guangdong), three northeastern provinces (Liaoning, Jilin, and Heilongjiang), six central provinces (Shanxi, Anhui, Jiangxi, Henan, Hubei, and Hunan), and four western provinces (Shaanxi, Guangxi, Sichuan, and Chongqing).

In the second stage, all centenarians living in the sampled counties and cities who were willing to participate were included in the cohort and the response rate was 97.7%. For each participating centenarian, one octogenarian and one nonagenarian living in the same community or institution were randomly sampled. In addition, since 2002, for every three sampled centenarians, four younger elderly people (aged 65-79) living in the same city or county were randomly chosen. Further details on data quality assessment, sampling design, and study procedures can be found elsewhere.[@ref12] [@ref13] [@ref14] In this study, we used data from the latest two waves of the cohort (2011-12 and 2014). Our study is a complete case analysis and is limited to adults who were aged 65 and older in the 2011-12 wave with complete information on all outcomes and covariates.

Blood pressure measurement and treatment encouragement
------------------------------------------------------

Field workers from the Chinese Center for Disease Control and Prevention who had previous medical knowledge were trained on how to measure blood pressure. Field workers measured each adult's blood pressure by using a mercury sphygmomanometer on the right arm while the person was in a seated position. Blood pressure was measured twice with at least one minute between measurements. We have used the average of the two blood pressure measurements in our study.

Our study design uses the fact that field workers encouraged people to seek care and to adopt healthy diet and exercise behaviours when their blood pressure levels were raised. According to the written informed consent, if field workers identify any health issues, they should promptly notify people and provide the necessary advice. All the field workers had been trained in the principles of preventive medicine and understood the Chinese national guidelines for the management of hypertension. Therefore, they could inform people with hypertension about the risks of their condition and how to effectively reduce their blood pressure levels.[@ref15]

The field workers gave all participants or their relatives the systolic and diastolic blood pressure results after the screening. They verbally encouraged people to seek care for hypertension and to make positive health behaviour changes when their average systolic blood pressure was 140 mm Hg or higher or their average diastolic blood pressure was 90 mm Hg or higher. The field workers' recommendations were based on the Chinese national guidelines for the management of hypertension. The guidelines include recommendations on the use of antihypertensive drugs; weight management (eg, lower meat consumption and reduced calorie consumption, such as from sugary drinks); stopping smoking; reducing alcohol consumption; lowering salt consumption (eg, consuming fewer salt preserved vegetables and more fresh vegetables and fruits); exercising; and reducing psychological stress.[@ref15]

The intervention thus consisted of screening, results notification, treatment encouragement, and education on protective lifestyles and behaviours; it did not include educational pamphlets, and the precise times spent on the different components of this intervention were not specified. The intervention is similar to the process carried out during other real-life community based hypertension screening programmes in China. Moreover, the field workers who conducted the study intervention would probably be part of the health worker teams who would perform community based hypertension screening if this intervention were part of routine health policy.[@ref15] [@ref16]

Study design
------------

### Regression discontinuity design

The regression discontinuity design can be used when a threshold is applied to a continuous assignment variable to decide whether a person receives an intervention or not; that is, the intervention is assigned deterministically (where everyone on one side of the threshold is treated while no one on the other side is treated, the so-called sharp regression discontinuity design) or probabilistically (where the probability of being treated is higher on one side of the threshold than on the other side, the so-called fuzzy regression discontinuity design).[@ref17] [@ref18] [@ref19] In this study, we used a sharp regression discontinuity design to establish the causal impact of community based hypertension screening in real life. The continuous assignment variable for our regression discontinuity analysis is the blood pressure measurement in the 2011-12 wave. The thresholds used in this analysis are the blood pressure cutoff points: systolic blood pressure of 140 mm Hg or diastolic blood pressure of 90 mm Hg, which are the thresholds for hypertension according to the Chinese national guidelines on hypertension treatment.[@ref15] [@ref20] The field workers used these thresholds to decide who should receive verbal encouragement or referral to a healthcare facility for a diagnostic workup, and behavioural counselling. Our results thus represent the real-life, or intention-to-treat, impact of community based hypertension screening. Our main outcome measures were the participant's systolic and diastolic blood pressure in the 2014 wave of the cohort.

The validity of the regression discontinuity design relies on the assumption of continuity in potential outcomes as a function of the assignment variable around the threshold. This implies that people just above the threshold are exchangeable (similar on all factors driving the outcome) with those just below the threshold, except for the probability of receiving the intervention.[@ref18] There are generally two major concerns in the application of this design. The first concern is that the assignment variable is manipulated (eg, field workers record a higher blood pressure than measured so that they can offer more people a referral to a healthcare facility). We assessed visually whether assignment was manipulated using a histogram of the continuous assignment variable. We did not find evidence of manipulation such as bunching of observations around the threshold.[@ref19] We also tested the hypothesis of no manipulation statistically by using the methods developed by McCrary.[@ref21] The second concern is the possibility of other changes that are correlated with both the blood pressure threshold and the outcome. Intuitively, such changes can have effects on the outcome, and these effects would be incorrectly attributed to the treatment. Such other changes are unlikely, however, because the field workers did not use the hypertension threshold to administer any interventions other than those described. We followed the method of Lee and colleagues,[@ref22] and Imbens and Lemieux[@ref18] to test whether other variables are continuous near the threshold; that is, to evaluate whether there are systematic differences in individual characteristics that are correlated with the threshold. We assessed the balance of participants' observed characteristics on either side of the threshold by comparing the mean values of important covariates for those just above and below the threshold. For imbalanced variables, we tested whether there is a major jump of these variables at the threshold using placebo tests that treat individual characteristics as the outcome variables.[@ref22] We present the results from these tests in the results section.

### Covariates

Under the assumptions of the regression discontinuity design, it is not necessary to include covariates for unbiased causal inference. However, adding covariates to the estimation is useful to eliminate small sample imbalances in observed variables that are correlated with the threshold, and to improve the precision of the causal impact estimates.[@ref18] [@ref23] We thus present models that adjust additionally for demographic characteristics (including age, sex, urban residence, marital status, and number of children); socioeconomic characteristics (including years of education and self reported relative economic status); and health behaviours (including whether people exercised, smoked, drank alcohol, and regularly ate fresh fruits, fresh vegetables, meat, salt preserved vegetables, and sugar). Self reported relative economic status was determined based on a comparison with other local people and measured on a scale ranging from 1 (very rich) to 5 (very poor). Each diet variable was measured on a consumption scale ranging from 1 (rarely or never) to 3 (almost every day).

Statistical methods
-------------------

We implemented a local linear regression to estimate the impact of blood pressure screening in 2011-12 on blood pressure in 2014, following Imbens and Lemieux.[@ref18] Our choice of a local linear specification for our main analysis was guided by recent econometric studies that recommend the use of linear rather than higher order polynomials to prevent overfitting of the data and misleading impact estimation.[@ref24] [@ref25] The coefficients of the added quadratic terms were also insignificant at the 5% significance level, indicating that higher order polynomials are not adding value to our estimation. However, there was visual evidence of a potential non-linear relation between the assignment variable and the outcome. In a separate analysis, we thus added quadratic terms to our regression equations as a robustness check. We show both the local linear and the local quadratic regression discontinuity design results. In all regressions, we used a triangular kernel function, which gives more weight to observations closer to the threshold.

For the main local linear results we fitted regression models separately for systolic and diastolic blood pressure:
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Y~i~ is a measure of individual i's systolic blood pressure and Z~i~ is a measure of individual i's diastolic blood pressure in 2014; Above~i~ is an indicator variable equal to 1 for people who have systolic blood pressure of at least 140 mm Hg (in the first equation) or have diastolic blood pressure of at least 90 mm Hg (in the second equation) in 2011-12; SBP~i~ is a measure of individual i's systolic blood pressure in 2011-12 and DBP~i~ is a measure of individual i's diastolic blood pressure in 2011-12; and X~i~ is a vector of covariates in 2011-12 predictive of the outcome. In these models, the local average causal impacts of community based screening on blood pressure in 2014 are given by α~1~ and β~1~. α~2~ is the marginal increase in systolic blood pressure in 2014 when systolic blood pressure in 2011-12 is lower than 140 mm Hg (similarly, β~2~is the marginal increase in diastolic blood pressure when diastolic blood pressure is lower than 90 mm Hg). α~2~+α~3~ is the marginal increase in systolic blood pressure in 2014 when systolic blood pressure in 2011-12 is at least 140 mm Hg (similarly, β~2~+β~3~ is the marginal increase in diastolic blood pressure in 2014 when diastolic blood pressure in 2011-12 is at least 90 mm Hg).

We determined the bandwidth around the hypertension threshold using the data driven optimal bandwidth method developed by Imbens and Kalyanaraman.[@ref26] The choice of bandwidth is important because estimates using a smaller bandwidth will have lower bias but higher variance, while estimates using a larger bandwidth will have higher bias but lower variance. In additional analyses, we evaluated the sensitivity of our results to the choice of bandwidth by re-estimating the main impact across a range of potential bandwidths. In the baseline analysis, the optimal bandwidth (rounded to the nearest integer) was 6 mm Hg for systolic and diastolic blood pressure. We also explored whether there is important heterogeneity in causal impact by age, sex, urban residence, marital status, number of children, years of education, or self reported economic status.

After estimating the main impact, we conducted additional regression discontinuity analyses to elucidate potential downstream lifestyle changes induced by the intervention, including effects on weight, exercise, smoking, and consumption of alcohol, fresh fruits, fresh vegetables, meat, salt preserved vegetables, and sugar. For these binary outcomes, we used modified Poisson regression to estimate risk ratios.[@ref27]

We also conducted placebo tests using outcomes that occurred before the intervention and thus could not have been affected by the intervention in 2011-12, to rule out endogenous intervention assignment generated by the 140 and 90 mm Hg blood pressure thresholds. We used Stata version 14.1 to conduct the statistical analyses.

Patient and public involvement
------------------------------

None of the participants was involved in the design of the questionnaire, biological measurements, or outcome measures; they were also not involved in the design, recruitment, and implementation of the study. All participants or their relatives were informed of the systolic and diastolic blood pressure results and use of the data for research in this study. We plan to disseminate our study widely through the media, including in China.

Results
=======

Sample characteristics
----------------------

The initial sample consisted of 6010 people. We excluded 437 people (7%) because of missing information on blood pressure in 2011-12 or 2014, or because they had not answered the question on whether they had previously been diagnosed as having hypertension. Among the remaining 5573 participants, 3899 (70%) had previously undiagnosed hypertension and thus formed the sample for the analysis.

[Table 1](#tbl1){ref-type="table"} shows the characteristics of the full sample and the within optimal bandwidth samples for systolic blood pressure and diastolic blood pressure. The demographic, socioeconomic, and health behaviour characteristics were similar for all three samples; for example, the mean age was around 85 years, around 45% were married, they had around 2.4 years of education, and around 21% were smokers.

###### 

Demographic, socioeconomic, and health behaviour characteristics for overall sample and within bandwidth samples (2011-12 wave, China Longitudinal Healthy Longevity Survey). Data are numbers (%) unless stated otherwise

  **Characteristics**                                   Full sample (n=3899)   Samples within optimal bandwidth   
  ----------------------------------------------------- ---------------------- ---------------------------------- -------------
  Demographic:                                                                                                    
   Mean (SD) age (years)                                85.7 (10.6)            85.4 (10.3)                        85.6 (11.0)
   Male                                                 1867 (47.9)            403 (45.9)                         444 (50.1)
   Urban residence                                      322 (9.0)              68 (8.5)                           67 (8.5)
   Married                                              1752 (45.2)            381 (43.6)                         401 (45.5)
   Mean (SD) no of children                             4.4 (2.1)              4.5 (2.1)                          4.4 (2.0)
  Socioeconomic:                                                                                                  
   Mean (SD) years of education                         2.4 (3.5)              2.3 (3.4)                          2.5 (3.4)
   Mean (SD) self reported relative economic status\*   3.0 (0.7)              3.0 (0.7)                          3.0 (0.7)
    Very rich                                           51 (1.3)               9 (1.0)                            14 (1.6)
    Rich                                                674 (17.3)             158 (18.0)                         147 (16.6)
    Average                                             2551 (65.4)            581 (66.1)                         593 (66.9)
    Poor                                                475 (12.2)             96 (10.9)                          106 (12.0)
    Very poor                                           111 (2.9)              26 (3.0)                           22 (2.5)
    Don't know or missing                               37 (1.0)               9 (1.0)                            4 (0.5)
  Health behaviour:                                                                                               
   Exercise                                             1434 (37.2)            301 (34.4)                         327 (37.3)
   Smoke                                                819 (21.2)             177 (20.3)                         177 (20.1)
   Drink alcohol                                        798 (20.7)             184 (21.3)                         193 (22.0)
   Mean (SD) consumption of:†                                                                                     
    Fresh fruits                                        1.9 (0.6)              1.9 (0.6)                          1.9 (0.6)
    Fresh vegetables                                    2.6 (0.6)              2.5 (0.6)                          2.5 (0.6)
    Meat                                                2.3 (0.6)              2.2 (0.6)                          2.3 (0.6)
    Salt preserved vegetables                           1.8 (0.7)              1.8 (0.7)                          1.9 (0.7)
    Sugar                                               1.8 (0.7)              1.8 (0.7)                          1.8 (0.7)

SD=standard deviation.

Self reported relative economic status was measured on a scale from 1 (very rich) to 5 (very poor).

Consumption of fresh fruits, fresh vegetables, meat, salt preserved vegetables, and sugar was measured in terms of frequency of consumption ranging from 1 (rarely or never) to 3 (almost every day).

Manipulation of assignment variable
-----------------------------------

The regression discontinuity design requires that there must be no manipulation of the assignment variable (blood pressure in 2011-12) around the threshold. [Figure 1](#f1){ref-type="fig"} presents a histogram of the assignment variable to visually check for the presence of manipulation. We found no visual evidence of bunching around the threshold, which would have suggested that the field workers had manipulated the screening results. Based on the formal test developed by McCrary,[@ref21] we also failed to reject the null hypothesis of a smooth density across the threshold, which provided further support that there was no manipulation of the assignment variable (see supplementary material A).

![Density of baseline systolic and diastolic blood pressure distribution to test for manipulation of baseline blood pressure at threshold. The dashed line represents the 140 or 90 mm Hg threshold above which field workers encouraged people to seek care and change their lifestyles. Sample size=3899](ches048527.f1){#f1}

Continuity of participants' observed characteristics around threshold
---------------------------------------------------------------------

The regression discontinuity design requires that no other interventions or changes that affect the outcome were correlated with the 140 or 90 mm Hg hypertension threshold. [Table 2](#tbl2){ref-type="table"} shows the mean demographic, socioeconomic, and health behaviour characteristics for people just above and just below the thresholds within the optimal bandwidth. Most of the characteristics were balanced around the threshold. For the systolic blood pressure outcome, the exceptions were age, urban residence, exercise, and consumption of salt preserved vegetables. For the diastolic blood pressure outcome, there were slight imbalances in years of education and consumption of sugar. However, the validity of the design still holds because we found that these variables were continuous near the threshold (see supplementary material B), according to the method of Lee and colleagues,[@ref22] and Imbens and Lemieux.[@ref18] In our regression analysis, we included results controlling for these covariates and found that the results were robust.

###### 

Covariate means above and below blood pressure discontinuity thresholds within optimal bandwidths

  Characteristics                           Baseline systolic blood pressure   Difference in means **(n=879)**   Baseline diastolic blood pressure   Difference in means **(n=886)**          
  ----------------------------------------- ---------------------------------- --------------------------------- ----------------------------------- --------------------------------- ------ -------
  **Demographic:**                                                                                                                                                                            
  Age (years)                               84.6                               86.0                              1.5†                                85.6                              85.7   −0.1
  Male (%)                                  48.9                               43.5                              −5.4                                49.8                              50.5   0.7
  Urban residence (%)                       10.8                               6.7                               −4.1†                               8.6                               8.3    −0.3
  Married (%)                               45.4                               42.3                              −3.1                                45.0                              46.2   1.2
  No of children                            4.5                                4.5                               0.0                                 4.4                               4.3    −0.1
  **Socioeconomic:**                                                                                                                                                                          
  Years of education                        2.5                                2.2                               −0.3                                2.3                               2.7    0.4\*
  Self reported relative economic status§   2.9                                3.0                               0.1                                 3.0                               3.0    0.0
  **Health behaviour:**                                                                                                                                                                       
  Exercise (%)                              39.2                               30.8                              −8.4‡                               36.6                              38.1   1.4
  Smoke (%)                                 23.2                               18.0                              −5.2\*                              18.7                              21.8   3.1
  Drink alcohol (%)                         21.1                               21.5                              0.4                                 23.6                              20.1   −3.5
  Consumption of:¶                                                                                                                                                                            
   Fresh fruits                             1.9                                1.9                               0.0                                 1.9                               1.9    0.0
   Fresh vegetables                         2.1                                2.1                               0.0                                 2.1                               2.1    0.0
   Meat                                     2.3                                2.2                               −0.1                                2.3                               2.2    −0.1
   Salt preserved vegetables                1.9                                1.8                               −0.1†                               1.8                               1.9    0.1
   Sugar                                    1.8                                1.8                               0.0                                 1.8                               1.9    0.1\*

Bandwidth is 134-146 mm Hg for systolic blood pressure and 84-96 mm Hg for diastolic blood pressure.

\*P\<0.1.

†P\<0.05.

‡P\<0.001.

§Self reported relative economic status was measured on a scale from 1 (very rich) to 5 (very poor).

¶Consumption of fresh fruits, fresh vegetables, meat, salt preserved vegetables, and sugar was measured in terms of frequency of consumption from 1 (rarely or never) to 3 (almost every day).

Impact estimates
----------------

[Figure 2](#f2){ref-type="fig"} shows the main outcome variables (systolic blood pressure and diastolic blood pressure in 2014) across the range of the assignment variable (blood pressure in 2011-12) inside the optimal bandwidths, with the threshold indicated by the dashed line. We observed a sharp downward jump in systolic blood pressure and diastolic blood pressure across the discontinuity, which visually suggests an impact of community blood pressure screening in 2011-12 on blood pressure in 2014.

![Blood pressure in 2014 across the range of blood pressure in 2011-12 within the optimal bandwidths. The dashed line indicates blood pressure threshold above which field workers encouraged people to seek care and to make lifestyle changes; bold lines correspond to the linear fit; fine lines represent 95% confidence intervals. The total sample size is 3899; the sample size within the optimal bandwidth is 879 for systolic blood pressure and 886 for diastolic blood pressure](ches048527.f2){#f2}

[Table 3](#tbl3){ref-type="table"} presents the results from the regression estimates of the local causal impact of community based screening. We found that community based screening in 2011-12 caused a significant reduction in systolic blood pressure in 2014. We estimated that community based screening reduced systolic blood pressure two years later by 6.3 mm Hg (95% confidence interval −11.2 to −1.3, P=0.01). The size of the impact of community based screening on systolic blood pressure increased to a reduction of 8.3 mm Hg when we additionally controlled for the demographic, socioeconomic, and behavioural covariates identified previously (95% confidence interval −13.6 to −3.1, P=0.002). This impact size was larger when estimated using a local quadratic fit (15.9 mm Hg reduction). Our main results did not differ when we adjusted for age using broad age categories (65-79, 80-89, 90-99, and ≥100 years) instead of continuous functional forms to control for age (table S5). The impacts for diastolic blood pressure were in the same direction, but they were smaller and not statistically significant.

###### 

Regression discontinuity estimates (95% confidence intervals) of the impact of community based hypertension screening in 2011-12 on blood pressure in 2014 (Chinese Longitudinal Healthy Longevity Survey)

  Impact of screening on blood pressure (mm Hg)\*   Without covariates      With demographic covariates   With demographic and social covariates   With demographic, social, and behavioural covariates
  ------------------------------------------------- ----------------------- ----------------------------- ---------------------------------------- ------------------------------------------------------
  Systolic blood pressure (local linear)            −6.3 (−11.2 to −1.3)    −7.3 (−12.6 to −2.1)          −7.9 (−13.2 to −2.7)                     −8.3 (−13.6 to −3.1)
  P value                                           0.01                    0.006                         0.003                                    0.002
  Diastolic blood pressure (local linear)           −2.2 (−5.9 to 1.5)      −2.3 (−6.4 to 1.7)            −2.6 (−6.6 to 1.4)                       −2.0 (−5.9 to 2.0)
  P value                                           0.24                    0.26                          0.21                                     0.33
  Systolic blood pressure (local quadratic)         −10.4 (−20.0 to −0.7)   −13.6 (−23.4 to −3.7)         −14.2 (−24.2 to −4.2)                    −15.9 (−25.9 to −6.0)
  P value                                           0.04                    0.007                         0.005                                    0.002
  Diastolic blood pressure (local quadratic)        −0.8 (−8.1 to 6.5)      −1.6 (−9.7 to 6.5)            −2.5 (−10.6 to 5.6)                      −2.4 (−10.4 to 5.6)
  P value                                           0.83                    0.70                          0.55                                     0.56

The sample comprises people within the optimal bandwidth of the threshold of 140 or 90 mm Hg. Each cell represents the coefficient from a separate regression. In all regressions, we used a triangular kernel function, which gives more weight to observations closer to the threshold. Models in the second column do not control for any covariates; models in the third column include demographic covariates (age, sex, urban residence, marital status, and number of children); models in the fourth column additionally include social covariates (education and self reported relative economic status); models in the fifth column additionally include behavioural covariates (such as exercise, smoking, alcohol consumption, and diet).

Baseline systolic blood pressure or diastolic blood pressure used as assignment variable.

We also estimated a set of regressions with interactions to see if the impact of community based screening differed across population subgroups. We found no evidence of heterogeneity in impact by age, sex, urban residence, marital status, number of children, years of education, or self reported economic status (see supplementary material C).

Downstream lifestyle changes as mechanisms of intervention action
-----------------------------------------------------------------

Based on additional regression discontinuity analyses, we found evidence that the intervention could have led to substantial weight loss (an average of −1.1 kg, 95% confidence interval −4.5 to 2.4) and large reductions in the likelihood of current smoking (relative risk 0.62, 0.37 to 1.07), current alcohol consumption (0.71, 0.42 to 1.21), and frequent exercise (0.61, 0.41 to 0.91). In contrast, the intervention is unlikely to have had large effects on the daily consumption of salt preserved vegetables (0.99, 0.81 to 1.20), fresh vegetables (1.01, 0.97 to 1.05), fresh fruits (1.03, 0.88 to 1.22), meat (0.98, 0.94 to 1.03), and sugar (1.07, 0.88 to 1.31). Overall, however, our power to estimate downstream lifestyle changes was low and we lacked the data to estimate several potentially important changes, such as receiving drugs to treat hypertension and reducing stress.

Robustness checks and placebo test
----------------------------------

We tested the robustness of our findings by examining the magnitude and precision of the impact estimates over multiple blood pressure bandwidths for systolic and diastolic blood pressure. In addition to the optimal bandwidth, we also used bandwidths of 50%, 80%, 120%, and 150% of the optimal bandwidth to see the variation of results with bandwidth. We plotted the impact size against the bandwidth and extrapolated impact size to a bandwidth of zero ([fig 3](#f3){ref-type="fig"}). As the bandwidth shrinks, the impact size becomes larger for systolic blood pressure and approaches zero for diastolic blood pressure. These robustness checks further support our main results of a strong and significant impact of community based screening on systolic blood pressures two years later, and no impact on diastolic blood pressure (see supplementary material D).

![Impact size for systolic and diastolic blood pressure for different bandwidths, smoothing and extrapolating to zero bandwidth](ches048527.f3){#f3}

Furthermore, we conducted placebo tests using so-called falsified outcomes that could not have been affected by hypertension screening in 2011-12. Specifically, we analysed the impact of hypertension screening in the 2011-12 wave on systolic and diastolic blood pressure in 2008 instead of in 2014. We found no impacts in these placebo tests, which confirms that intervention assignment was exogenous (see supplementary material E).

Discussion
==========

We found that community based screening for hypertension among adults aged 65 years and older in China resulted in a large and statistically significant reduction in systolic blood pressure two years later. The lowering impact of screening on diastolic blood pressure was smaller and imprecisely estimated. These results were robust when covariates were included, different functional forms were used to estimate the impacts, and the size of the bandwidth around the clinical threshold was changed. The results did not vary by demographic and social subgroups.

Large reduction in systolic blood pressure
------------------------------------------

Across all main analyses, the reduction in systolic blood pressure ranged from 6 to 16 mm Hg, which is a large reduction in systolic blood pressure for an intervention conducted at the community level. A recent study that also used the Chinese Longitudinal Healthy Longevity Survey as the data source provides a powerful benchmark for our results.[@ref28] This study found that a 10 mm Hg reduction in systolic blood pressure corresponded to an 11% decrease in cardiovascular mortality among older people in China. These results highlight the clinical and population health relevance of the impact of community based blood pressure screening.

As has been shown previously, lack of awareness is a major obstacle to successfully reducing hypertension at the population level in China.[@ref4] The impact of the intervention on systolic blood pressure could have resulted from several behavioural changes. In analyses of lifestyle changes that are downstream from the intervention but upstream from blood pressure, we found evidence that the intervention might have resulted in substantial weight loss, reduced smoking, and lower alcohol intake. However, the consumption of salt preserved vegetables, fresh vegetables, fresh fruits, meat, and sugar appear to have been largely unaffected by the intervention. Against our initial expectations, we found that the intervention might have resulted in less, rather than more, exercise. One possible explanation for this finding is that the media in China often recommends against high intensity exercise for older people with hypertension.[@ref29] [@ref30] [@ref31] [@ref32] Overall, our analyses of mechanisms lacked the power to firmly establish the significance of intervention effects on individual lifestyles and behaviours. Moreover, our data did not contain information on several potentially important mechanisms of action, including uptake of antihypertensive treatment and stress reduction.

Insignificant reduction in diastolic blood pressure
---------------------------------------------------

Community based blood pressure screening had only small and insignificant impact on diastolic blood pressure. One possible reason for this finding is that field workers might have provided less encouragement for people with raised diastolic blood pressure to seek care and change behaviours compared with those with raised systolic blood pressure. Based on the evidence of a stronger link between systolic blood pressure and cardiovascular disease endpoints,[@ref33] the Chinese guidelines for management of hypertension place greater emphasis on systolic blood pressure. For example, the guidelines state that systolic blood pressure is more tightly associated with cardiovascular diseases than diastolic blood pressure and that systolic blood pressure is a more powerful predictor of coronary heart disease among older adults than diastolic blood pressure.[@ref15] Furthermore, recommendations for adults older than 65 years only specify targets for systolic blood pressure. It is thus plausible that the field workers provided greater encouragement for treatment uptake and behaviour change to address raised systolic blood pressure compared with raised diastolic blood pressure.

Comparison with published evidence
----------------------------------

Our results suggest that in China, a large proportion of older adults who had high blood pressure during community based screening adhered to advice to seek antihypertensive care and modify lifestyles. In contrast, many other studies in low and middle income countrieshave found low rates of linkage and adherence to care after household or community based screening. For example, Bovet and colleagues estimated that only 34% of people with hypertension in Tanzania who were advised to seek care actually sought care, and at the end of one year, only 3% were taking antihypertensive drugs.[@ref34] Low levels of care seeking and treatment compliance among people with hypertension screened at home and encouraged to seek further care have also been found in Burkina Faso,[@ref35] Kenya,[@ref36] and the Seychelles.[@ref37] However, these studies focused on populations that were younger. Our study focuses on older adults and our results suggest that behaviour change played a part in reducing systolic blood pressure in this population.

Health policy implications
--------------------------

According to our results, community based screening should be routinely offered to older adults in China because it could substantially reduce hypertension at the population level. This recommendation does not imply, however, that the impact of community based screening could not be further improved. Evidence from China and previous studies in other low and middle income countries show a large potential to enhance the effectiveness of community based screening interventions on blood pressure outcomes. One study in China found that only 67% of people who were aware of their hypertension reported regularly receiving treatment and only 16% had successfully controlled their hypertension.[@ref4] Possible avenues for intervention improvement include intensified training of healthcare workers who conduct screening interventions, increased standardisation of recommendations on behaviour change, and additional tools to communicate the need for treatment and behaviour change at the population level (such as interactive eHealth applications[@ref38] [@ref39] or health promotion videos[@ref40]). In addition, interventions dealing with gaps at higher levels of the health system might also contribute to the effectiveness of community based hypertension screening programmes. These interventions include structured physician education programmes focused on hypertension, and encouragement of systematic and frequent blood pressure screening in patients who visit clinics for unrelated reasons.[@ref3] [@ref4] Intervention studies that combine community based screening with health system changes that improve linkage and retention in primary care might result in greater impacts than those shown in this study.[@ref41] Further research to identify how to maximise the impact of community and household based screening will be important for translating these interventions into sustained population level health improvements.[@ref42] [@ref43] [@ref44] Policy makers should consider piloting, evaluating, and scaling up interventions that strengthen community based blood pressure screening and the downstream hypertension care continuum.

Limitations
-----------

Our study has several limitations. We only had data on adults aged 65 years and older; therefore we could not conclude that the intervention would also have been effective in younger adults. Because our data were limited to two waves of a national cohort, we were unable to estimate the timelines of impact or to determine impact beyond the two year time horizon of our analysis. Additionally, the success of community based hypertension screening could depend on other factors, such as use of healthcare and adherence to antihypertensive drugs. We did not have data on antihypertensive treatment uptake and were thus unable to analyse the extent to which treatment contributed to our findings.

The Chinese Longitudinal Healthy Longevity Survey randomly samples people aged 65 years and older in China. However, different age, sex, and urban versus rural location groups are sampled with different probabilities. In our regression with covariates, we take into account this differential weighting across subpopulations by controlling for the three variables that define the groups. In general, our impact size results are thus generalisable to the population aged 65 years and older in China. However, this study provides impact estimates only for those within the analysed bandwidths around the threshold for the regression discontinuity analyses. This external validity constraint is a general limitation of the regression discontinuity design. Nevertheless, the hypertension threshold was arbitrary (it did not correspond to an underlying jump in cardiovascular disease risk or any physiological event that occurs at this threshold) and blood pressure was measured with random variation over time and random measurement error from the blood pressure monitor. Our results remained robust to changes in the regression discontinuity bandwidth. Therefore, our results will probably be transferable to population groups further away from the threshold.[@ref17] [@ref19] [@ref45] [@ref46]

Conclusions
-----------

Community based hypertension screening and encouraging people with raised blood pressure to seek care and adopt blood pressure lowering behaviour changes could have important long term impact on systolic blood pressure at the population level. Policy makers should consider implementing routine community based hypertension screening programmes for older adults in China and other countries with an unmet need for hypertension diagnosis and care.

### What is already known on this topic

1.  Studies have found low levels of healthcare use after community based blood pressure screening

2.  Evidence is lacking about the causal impact of community based blood pressure screening on subsequent blood pressure in China and other low and middle income countries

### What this study adds

1.  This study found that community based hypertension screening reduced systolic blood pressure two years later among older adults in China

2.  Measuring blood pressure during home visits and encouraging people with raised blood pressure to seek care and adopt blood pressure lowering behaviour changes could have important long term impact on systolic blood pressure at the population level

3.  This approach could address the high burden of cardiovascular diseases in China and other countries with an unmet need for hypertension diagnosis and care
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